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COOLING TESTS OF AN AIR-0GOLED ENGINE OYLINDER
WITHE COPPIR FINS ON TED BARREL

By J. 0. Banders, E. D, Vilated, and
B. A. Mulcahy

SUKMARY

Comparative cooling tests were run on two Wright C9GC
(G-200) cylinders, one with the original steel fins and one
with l-inch splial copper fins brazed on the barrel. The
copper fing inmproved the over—-all heat-transfer coefflcient
from the bearrel to the alr 115 percent. At take-off power
the temperature cof the darrel for the same cooling-gair
pregsure drop decreased from 297° ¥ to 313° F. No struoctur-
al defect hed developed after 60 hours of operation at brake
maan effective pressures of 45 to 258 pcunds per square inch,

The irprovements determined dy test were in reasonable
agreement with the improvement computed from fin dimenslons.
Computations were therefore made to determins the improve-
ment In cooling that could be obtained with copper and
aluminum fias keving the same welights as the original steel
finse. In the ranges of practical fin slizes the copper and
s.uninum fina were equally effective in cooling and were 80
Parcent better than the original steel fins.

INTRODUCTION

The problem of obtaining eufficient barrel cooling on
modern hlgh~output air-cooled engines hgs been the object
of conslderable investigation. Integral steel darrel fine
have apparently approached a limit of maximum cooling im-
Pposed by manufacturing difficulties. PFPrevious studles
(reference 1) indicete that, for a given fin weight, con-
eiderably more cooling may be obtained with copper or
aluminum fins than with steel fins. The chief obstacle to
the adoption of copper or aluminum fins has been the dlffi-
culty of developing a completely esatisfactory method of
attachling the fine to the steel cylinder barrels.




The most successful productlon nethod so far develored
for attaching fins has been the aluminum muff, which is an
aluninum cylinder wlth integral flns, machined from a single
aluninum billet. Theo muff 1s shrunk on the cylinder barrel.
Objections to the use of tke muff are the cost of manu—
facture and the limitationes of fin thickness and spacing
tkat can boe mathined on the muff,

Cylinder barrels having copper—~plated steel fins have
been trled on an alr—cooled dissel—engine cylinder. A
plating 0.C08 inch thick on steel fins 0,043 inch thick re-
sulted in aboat ll-percent improvexnsrt ian over—all heat
trannfer., Copper plating, hovevor, i1s limlted in its range
of possible imurovement by the relatively poor fin propor—
tions imposed Dy limitatlions 1in nmachining of the steel fins,
For a given coolings effoectiveness the copper—plated fins
wlll welgh more than solid copper or aluminum fins,

Conueor firs have been tested on barrels having electri-
cal heators inslis the bore., These tests showed copper fins
to be approxirately aa effective as aluminum fins on g
welght Dasls and both werc considerabdbly better thar steel
fine, There ure, howevor, several advantages that copper
fins have wien comapared with alumirum fins. The higher
thermal coanductivity of copper rermits the use of narrower
fine than can be used with aluwminum fins for a required de—
gree of coolirg, therebdys interfering less with the air flow
to the second baanrk of cylinders in a two—row or inline
exgzire, Copper also has the advantage of being easily bonded
to steel by means of a vrazing alley, thereby offering the
posslbility of a perfect bord, The type of finnirng described
in this rerort has the additlonal advantage of not reguairing
a speclal thread velt or the barrel for attaching the cylin—
der head,

The object of this report is to show by power tests
the improvement that can be obtained in cooling by the re-
Placement of steel fins by copper fins. Comparative cool-
ing tests were run on a standard Wright C9G6C (G-300) oylin-
der on which the barrel fins had been replaced by a l-inch
conper fin wound splirally eight turns per inch, Improve-
ments in coolirg obtained in theege testse were compered with
the improvements predicted by the use of calculations shown
in reference 2, An analysis was aleo made by computation
to comxpare the cooling obtainable with the original esteel
fines and with copper and aluminum fing having the same
welghts as the original steel fins.



A study was also made to dotermine the effect of barrel
cooling on piston temperatures. Obviously, as the barrel
cooling 18 increased, the temperature drop through the wall
lhcreaseés and outelde barrel temneratures are no longer a
satisfactory index of engline coolipg. Thermocouples were
installed 1n the pieston, and testes were run to determilne
the effect of barrel cooling on pleton temperatures,

The tests were conducted at Langley Memorial Aeronaubi-
cal Leboratory during Aprll and Kay 1942,

CYLINDER COZSTRUCTION

The copper—finned cylinder used 1n these tosts con-—
sisted of a copper—finned berrel screwed and shrunk into a
stock cylinder head. The brrrel was a stock Wright nitrided
forging that was machined to accommodate the copper fins.
Trhe copper finning was applliei by Buensod-Stacey Alr Con—
ditioning, Inc., in collaboratiorn with the Induction Heating
Corporation and Haady & Harman.

The copper fins were applied in one cortlruous strin
that had veen preformed to the proper shape. 4An adeguate
length of strlp was wropped arourd the criiznder and pulled
tight., The assembly was fluxed and a silver solder vire
6f the prover size ard conpos’tion wns laid between the
fins., The heatirg of tho assenbly was acconplished by
rasslag ar 1inductioz heating head throush the barrel at the
proper 8need, The speod of tne cperatlon was Jjust sufficlent
to braze the spiral strip progressively to the barrel. The
entlre brezing operation required approximately 5 ninutes
and at no tlme was the nitrided barrel held at the dbraezing
temperature long enough to damage the nitrided case.

After the brazing operation, the fins were work—
hardened by a special tool. The finished barrel was sand-
blasted to remove the excess flux,

The completed barrol was assembled with the head 1in
the usual manner and the recessary machining operation re—
quired to complete the cylinder was performed,




APPARATUS AND METHODS

A standard Wright 09GC (G—200) cylinder with steel
fins shown in figure 1(Db) was first set up on a single—
cylinder test unit and compleve cooling tests were con—
ducted., The copper—finned cylinder (fig. 1(a)) was next
set up and comparative tests were run., A section of the
copner—finned cylinder showing the steel liner, the brazed
bond, ‘and the fin is shown in figure 2, A comparison of
the dimensions of the original steel fins and the brazed
copper fin is given in the follor ing table:

Axiel length
Width  Thickness TFins/inch of finning
(in.) (ir.) (in.)
Originel steel 0.65 0.025 8% 53
Coppoer 1.0 .027 8 5

In each case a stock Wright uniflow plston assembled
with stock rings was used., The plston used with the copper-
finned cyllnder was equipped with thermocouples to measure
temperatures at the crown, the ring belt, and at a point
approximately midway in tho skirt. The metkhod of installe—
tion (reference 3) and the location of the piston thermo—
couples aro shown in figures 3 and 4, The locations of
the cylinder—surface tlaernoccuples are shown in figure 5.
The crankshaft used hal a stiroike of 7 inches, giving a dis-
placement of 206 cubic inches,

The princival compoaonts of the test apparatus are
shown dlagrammatically in figure 6. The standard test—
engine equipment was used for measuring brake mean effec—
tive pressure, engine speed, fuel consumption, crlinder
temperatures, and fuel—-air ratlo, A separately ériven
centrifugal blower supplied the cooling air. The quantity
of cooling alr was measured by an 8—inch orifice at the
entrancoe of a 1l23~lnch—d&lameter pipe, The pressure tap for
this oriflce was 0,4 times tlre pipe diameter downstream,
as reocommended in reference 4.

Tests of both the copper—finned cylinder and the
standard cylinder were conducted to determine the constants
used 1n equations for the averagc barrel and head tempera—
turee as functlons of the fundamental engline and cooling
varlables by the methods described ln reference 5, Tests
were conducted in which each of the following was varled
in turn while the remaining factors were held constant:



(1) Brake mean effective pressure
(2) Hass _flow of cooling air
(3) Tuel-air ratio, F/A .
The tests covered the following range of conditlons:

Brake mean effective pressure, pounds per
square inch . . . . ¢ ¢ . 4 4 e s« e s e = 465-2568

Cooling-air pressure drop across cylinder,
1nchBB Of water - - - » » . . ™ - . . . - . . 1-20

F\lel—ai!‘ 1‘8.1.'-10 . . . . . - . . . » . . - - » 0.055-0'105

The frioction horaepower was determined by motoring
the engine at the test values of inlet~alr pressure while
the oll pressure, the oil temperaturse, the speed, and the
cylinder temperatures were held at values as close as
poeslble to those obtained under power conditions,

The fuel used in the t~ats was Army~Navy Fuel Speci-
fication No. AN-YV-NF¥-~781 having an octane number of 100,
For the more severe conditions, a sufficient amount of
lead to prevent audible knc:k was added.

METHOD OF COMPILING DATA

Although the conling ieste were run with conditions
a8 nesrly the seme oa both sylinders as poselble, 1t was
imposaible t0 malantain cunstant cooling—-alr temvmaratures,
The cooling-alr temperature varied from 79° F to 110° F,
making it necessary to apr.y rcme cecrrection tc the test
regsulte before making a comparison. The tegt data were
therefore oconpileud in the manner outlined in referenze b,
The coolling characteristics of the eylinder barrel were
expressed 1n terms of the equation

Iv-Ta _ g 1? (1)
. & - — _
T g~Ty (aP p/p,)

vhere




T, average outside barrel -temperature, °F

cooling=-alr temperaturq,°r

effective temperature of gases in oylinder, °F .

4 proﬁortionality constant determined by test

I _ indlicated horsepower

AP cooling-air preseure drop across cowling, inches wdter

ol density of cooling air, taken as average of densities
of alr apnroaching and leaving fins

P, ©otandard air densitg. taxen as density at 29.923 inches
of mercury and 7CY ¥

n experimentally determined exponent
n experiuentally determined exponent

Other symbols used 1in tihis analyesis are
H  heat-transfer rate, Btu/kour

Th average head tempnrature, °F, taken as average reading
of heasd thermocouples indicated in figure 5

If Tg, K, n, &nd m are knowa, it 1s possldble to

computcs tarrel lemveratures for & wide veriety of cperating
condiifena. Trom refsrznce 6 1t was found that, wliilh a
'epark uzdvance of 230 5,7.0,, end Inlet~alr teupoeraturs of
1EC° ¥, and a fuel-air ratio of 0,080, the values of T,
should be

Head 1200° ¥
Barrel 630° F

Varliations of Tg with fuel-air ratio were computed

from tests, as explained in raference 6. Constants Zor
the basic heat-transfer equatione were determined. From
these equations the constante for the temperature crrrela-
tion formula (1) were determined. Similar equations were
developed for the rear spark plug and the exhaust valve
seat, The squations thus obtalned were used to compute
the cylinder temperaturee shown in later figures.



The method of correlating plston temperatures is ex—
plalned in the dlscussion of results.

RESULTS AND DISCUSSION

Cylinder—Temperature Correlation

Figure 7 shows an example of uncorrected test date
from the cylinders with the original steel fins and with
the copper finpg, The barrel with the copper flns was
60°F cooler at a power of 100 indicated horsepower.- The -
cooling—alr temperature, howvever, was 24°F hotter with the
copper—finnoed cylinder, A8 a rough sstimate, then, the
reduction in barrel temperature resulting from the use of
copper fins should be 84° F,

The varlious factors influencing oylinder temperatures
were gorrelated in the form of curves shown in figures 8
through.12.

. Figure 8 shows a comparison of the over-all coeffi-
clents of heat transmissioa fo. the original eteel fins
and the copper fine, The improvement resulting from the
uese of copper finse was 115 percent at 4 inches of water
pressure drop. The theoretical increase in heat transfer
as predicted by squations from reference 2 was 96 percent,
a éondition that shows that thc improvements in cooling
may be computed with reasonable accuracy.

The constants for the various cooling equations are
obtalned from the data shown in figures 8, 9, 10, 11, and
12, The general equation and constenta are given below:

Ty -~ Tq = X I 1
Tg - T (aPp/py )
where

Ty temperature at a given point on oylinder, °F

I/v speclflic power output, indicated horsepower per cubic
inch of dlsplacement

AP c00ling—~alir pressure drop across baffle, inches of
water




The value of T, 1s obtained from figure 9 and the values
of X, m, and n are listed in the following table:

Logation K n -
Barrel, copper fins 0.770 0,69 0.31
Barrel, steel fins 1,560 .b9 .37
Rear spark plug 1.085 .66 . 27
Exhaust valve seat 1,110 .60 «22

Piston-Temperatvre Correlation

Figure 11 shows the results of tests to determine the
effect of barrel temperature on plston temperature. Each
curve represents data taken at constant power output. The
barrel temperature was variedi by changing the cooling-air
pressure drop. It 1s shown that a slope of -0,5 may be
used to represent the relation bvetween -Tp-Tb and Tp

for the range of temperatures involved. The relation be-
tween riston temperature and barrel temperature was there-
fore assumed to be

T -Ty = X + nT (2)

P P

vhkere n 1is slope of the curve at constant power repre-

gsenting the relation between TP-Tb and Tp

T pilston~-ring-belt temperature, °F
T, average barrel temperature, °F

K an experimental function of power, inlet-air tempera-
ture, fuel-alr ratlo, spark advance, and ocompression
ratlo

Therefore T,-Ty = K ~0.5 Ty (3)

Tor convenience the coastant X 1is divided into two
factors .

T,~Tp = £6 ~0.5 T (4)

P iy



Factor G 18 the congstant X. when the fuel=-alr ratio
1s 0,080, the inlet~air temperature is 150° ¥, and the
spark timing is 229 B,T.C. Variations in cooling result~
ing from variations 1n fusl-air ratio, inlet-air tempera-

" ture, and spark timing are represented by f. Tigure
12(b) shows the variation of £G with power computed from
piston temperatures taken simultanseously with the barrel-
cooling tests, The offect of fuelw-alr ratlo is immedi-
ately apparent. JIrom these curveas the following values

of f are obtalned:

T[4 —x£
0.0860 1.034
. 080 1,000
.100 . 910

The failurs of a pieton thermocouple at the termina-
tion of the barrel-cooling tests necessitated a disassem-
bly of the engine., When the ergine was reassembled the
values of =£G were slightly altered to about 30° F less

at 150 indicated horsepower, rcprecenting a decroase in
pleston temperature of cbout 20° F gt that power.

The relation between G and power can be represented
by the equatioan

G = AIT
vhere

A proportionality factor

r experimentally determined exponent, equal to slope of
curves in figure 13(b)

G oorrelation factor fG when X/A = 0.080

For the data of the barrel~cooling tests the con-
stents were found to give the following equations

@ = 55.1 (1°-%%) (6)
¢ = E74 (I/v)°"** (7)

Substituting equation (7) in equation (4)
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0, 44
T,-Ty = 674 (I/v) «0.5 T,

_ Ty + 574 (1/v)°0 %" (8)

1.5

TP-

Comparative Performance

The rated power of an engine using CSG0 cylinders 1e
approximately 0.7 indacated horsepower per cubic inch,
Figure 12 shows that at thie power outnut and a ococoling-
alr pressure drop of 16 inches of water the average iem=~
perature 1s 213° F cn the copper-finned barrel, as com-
pared to 2397° I on the steel-finned barrel. The corres-
ponding plston~ring-belt temperatures are 467° ¥ and
526° F. The piston temperaiure in this case changes
0.70° per degrese of change in mverage dbarrel temperature,

Figure 13 also shows the decrease in required ¢coling-
air rressure whea the origlnal stesl flne are replaced by
copper fine. FYor exgmole, 1f 1t ig desired to maintain a
piston~ring-belt tempsrature of 525° ¥, the steel~finned
barrel will reqguire 16 inches of water, as compared with
1.2 inches of water for the copper~finned barrel.

Figure 14 extends the comparieon of cylinder tempera-
tures to higher and lower power ouitputs when the coollng-
elr pressure is 16 inches of water,

A comparison of the changes in pleton and barrel
temperatures as the rspult of improved fin design shows
that the outelde barrel temperature may be a poor crite-
rion for barrel cooling, ZXor example, at 0,7 indizated
horsepower per ocublic inoh, the average temperature of the
steel~finned barrel is 397° P, and of the piston, 525° F,
If the power of the copper~finned cylinder were raised
untll the barrel temperature reached 297° ¥, the piston
temperature would be well above 600° F and scuffing of
the rings would be protable. It 1s therefors evidant
that the maxlmum outslde barrel tempersture shouid be re-
duced 1f the power 1s iaocreased, Figure 15 shows the 1in-
fluence of power on the barrel temperature required to
mai%tain a constant piston-ring-belt temperature of
525" ¥,
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At the time of the preparation of this report, the
copprer-~finnad c¢ylinder had completed 60 hours of opera-
tion with the braks mean effectlive pressure varylng from
46 to 2358 puunds per-square-inch, For the greaier per~
centage of this time the engine was ¢operatsd at an aver-—
age brauke mesan offsctlve pressure of 200 pounde per sguare
inoch., A oclose 1lngspection of the finuling 4dia not reveal
ary structural weskness, The oonditica of the plston
rings end {the eylinder bore was particulariy good,

Oopper and Alumlinum Fins Having the Same
Welghts as the Original Steel Fins

The proportions of the copper fine used in these
testis were selected solely for ease of fabrication and
assembly. The best fin proportions will be consideradly
different from those selected four this test, These éi-
mensions for a given oyiinder are governed by many coa-
glderations that caanot be prsverly evalueted in thia
svudy. In some camases 1t is deslired to use ccpper or
eluminum fins having the same welight as the steel fins
now used, A thevreticel setudy ie therufora given here to
show the lmprovemenis in co0llng that can be ottained
from copper or ailuminum fine having the seame welights as
the orlglnal steel fins on the VWrlgkt U9GJ cyliader,

Figures 16 and 17 show the improvemeats in computed
coefficlents of over-ail heat transfer, T, tu/(sq in.)
(°F)(hr), from the ouiside of tlhe barrel to the sir, when
copper fine having the sume welght as tha criglrnal steel
fins are usa2d, Ths greatest improvement 1s 2,17 times
the heat transfer from the origlnal elsel fins and 1s odb-
tailned with fins 1.4 inches wlde and 00,0056 inch thick,
Such thin fins might be congidercd to be ilmpracticel be-—
cause they would heve insufflclent mechanlcal strength
and bacause much thicker fing may be used with little
sacrifice in cooling, At present the practlical minimun
fin thlckness may be consldared to be in the range from
0.010 inch to 0,020 inoch thick. In this range the improve-
mente in heat transfer with proper fin width and spacing
are 1,8 to 2,1 times the heat transfer from the original
fineg and with no increase in fln weight,

Flgure 18 shows the improvements obtainafle from
alumlnpum-muff finse having the same welghts as the original
steel fins. The range of practical fin dimensions in the
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aluninun-muff design is restricted Py limits imposed in
machining the finas, With aluminum fins, as with copper
fine, the fin thickness and spacing may vary conslderadly
from optimum without serlous loss in heat transfer.

Representative designs of coppoer and sluminum fins
are compared below, In each case the dimensions were
congidered to be as near optimum as 1s practical to
fabrlcate by modern methode of productlon:

Fins Width Thickness Spacing U/Ugiee)
o (in.) _ (dm.) (in,)
Original steel 0.65 0,025 0.093 1,00
Copper 1.10 .018 . 165 1.86
Aluminum 1.10 .025 .106 1.78

Boughly, the coprer and sluminum flins glve the same
cooling, which 1s about 1.8 times the cooling of steel
fins, provided that the welghte of the fins are equal.

CONCLUSIONS

From the comparative cooling tests on g standard
cylinder with steel fins on the barrel and on a cylinder
with copper fias on the barrel, 1t may be concluded that:

1, Ths l-inch oopper fins had a 1ll6~percent greater
over-all coefficient of heat tranefer than the orlginal
eteel fins. This improvement resulted in a reduction of
average barrel temperatire at rated maximum coatinuous
power from 297° ¥ to 213° F,

2. The improvemen% to be obtalned with better fine
may be computed with reascnable accurscy by the unse of
the method showa in reference 2,

3. Computations skow that, in the range of practical
fin dimensions, coprer fins having the same welght as the
original steel fine wlll give at least 1,8 times the over-
all heat transfer of the origlinal eteel fins,
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4, In the range of practical fin dimensions, copper-
and aluminum~muff fins having the same weights wlll give
approximately the same over-~all heat transfer,

6. The piston-ring-bélt temperature is believed to
be a more acocurate oriterion than bdarrel temperatures for
required engine ocooling.

6, XYor equal bistonfring-belt temperatures, a lowver
maximum permisslible. barrel temperature will be required
vhen lmproved cylinder barrel cooling is provided.

Langley Memorial Aeronautical Laboratory,
Natlional Advisory Committee for Aeronautics,
Langley Fileld, Vao.
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ta) Plunger block with contacts.

(b) Piston with thermocouple

Figure 3.

Piston-thermocouple

installation and contacts.

installation.
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